The eect of physiological stress on the magnitude of inbreeding depression in plants has been the subject of few studies and is currently controversial because of contradictory results. We measured the inbreeding depression at three drought stress levels, precisely de®ned by a preliminary physiological experiment. We also tested the hypothesis that more highly self-compatible populations exhibit reduced inbreeding depression due to purging of deleterious mutations. The study was conducted on two populations of the annual and allogamous plant Crepis sancta collected from the French Mediterranean region and two other populations from marginal areas with various self-incompatibility levels. Drought stress did not increase inbreeding depression in terms of plant mortality but signi®cantly increased the inbreeding depression for the date of ®rst¯owering, number of heads per plant and relative growth rate. The most self-fertile marginal population showed an absence of inbreeding depression in most of the measured traits indicating that purging could have taken place in this population. The three others populations showed relatively low and similar estimates of inbreeding depression (d » 0.35). The relatively low values obtained compared to the results found in allogamous plants suggests that the absence of competition for C. sancta in our experiment probably underestimated the eects of inbreeding in natural populations where competition occurs.
Introduction
The decrease in ®tness due to the eects of inbreeding (inbreeding depression) is a subject of major evolutionary importance. Darwin (1876) postulated that it could have an important role in the evolution of mating systems in plants. Fisher (1941) demonstrated that in the absence of inbreeding depression, a gene causing sel®ng would spread in an automatic way because of its 50% transmission advantage compared to an outcrossing gene (cost of outcrossing). The balance between these two antagonistic forces, inbreeding depression and the cost of outcrossing, is considered a central factor in the evolution of mating systems (Charlesworth & Charlesworth, 1987) . For this reason inbreeding depression has been particularly well studied in hermaphroditic plants (reviewed in Husband & Schemske, 1996) . Two genetic hypotheses have been proposed to explain inbreeding depression. The overdominance hypothesis reasons that heterozygous loci have a better ®tness than both homozygotes, whereas the partial-dominance hypothesis proposes that the lower ®tness of inbred progenies is due to the expression of recessive deleterious mutations which would be masked in the heterozygous state. Under the partial-dominance hypothesis, it is predicted that inbreeding depression will decrease with sel®ng, due to the purging process, whereas the overdominance hypothesis predicts that inbreeding depression will increase with sel®ng rate (Charlesworth & Charlesworth, 1987) . Empirical data show that selfers are more often associated with low inbreeding depression whereas outcrossers have a high inbreeding depression (Husband & Schemske, 1996) as expected under the partial dominance hypothesis.
Nevertheless, although the genetic basis of inbreeding depression has been well studied in theoretical models (Byers & Waller, 1999) , the eects of environmental conditions, that can provide a source of variation, have not often been taken into account. Recent empirical studies suggest that stressful conditions could enhance inbreeding depression (Charlesworth & Charlesworth, 1987; Uyenoyama et al., 1993) . For instance, higher inbreeding depression and heterosis have been documented in agricultural plants under adverse conditions (Wright, 1977) . Thus, experiments in optimal growth conditions could underestimate inbreeding depression and do not reveal its real eects in natural populations. This problem is of real importance because it could lead to an underestimate of the selective eect of inbreeding in natural populations and to a misunderstanding of mating systems' evolution. Nevertheless, the possibility that stressful conditions enhance inbreeding depression remains subject to debate because of contradictory results (Norman et al., 1995) . Stress can occur under a wide range of natural conditions (competition, nutrient availability, drought) and there is no a priori reason why all stress types should produce the same eect on inbreeding depression. Very few studies have characterized the nature of stress applied to plants (Norman et al., 1995) and more studies are needed to understand this phenomenon. For example, ®eld experiments generally integrate a complex mixture of abiotic and biotic factors, that are not clearly de®ned and therefore it is dicult to separate their eects on inbreeding depression.
In this paper we present a study to investigate the eects of drought on the inbreeding depression. The study was conducted on four populations of Crepis sancta (Asteraceae), an annual and colonizing species that is very widespread in the Mediterranean region. Previous investigations on this species have shown that inbreeding depression is greatly enhanced by competition in ®eld conditions (Cheptou et al., 2000) .
The ®rst objective of this study was to test whether inbreeding depression was magni®ed by a speci®c and abiotic physiological constraint: drought stress, a very common stress in the Mediterranean region (Aschmann, 1973) . The severity of drought was related to predawn water potential, which provided a measurable physiological stress that was then applied in a constant way throughout the growing season. This is one of the ®rst studies to investigate the eects of drought, in terms of physiological stress on the magnitude of inbreeding depression.
The second objective of this experiment was to document between-population variation in inbreeding depression resulting from mating system history. Although the species is mostly allogamous, betweenpopulation variation in self-incompatibility has been found (Cheptou et al., 2000; unpubl. data) . As mentioned by Mayer et al. (1996) , in studying the speci®c relation between the breeding system and inbreeding depression, it is more relevant to study taxa with similar life history traits. Mating system variation among populations provides such characteristics and can be used to test the eciency of purging deleterious mutations on a short time scale. The partial breakdown of the self-incompatibility system that occurs in C. sancta can be considered to be the result of a selective process on the breeding system towards more sel®ng, revealing inbreeding history. Furthermore, studies documenting variation in inbreeding depression among self-incompatible or partially self-incompatible species are scarce. We hypothesize that more self-compatible populations should exhibit less inbreeding depression.
Materials and methods
Crepis sancta (Asteraceae) is a Mediterranean diploid species possessing a partial self-incompatibility system (Cheptou et al., 2000) . Reproduction starts early in the spring and lasts 5±8 weeks. Heads can produce from 50 to 100¯orets, each potentially giving a fruit (achene). Populations are very abundant in the south of France, where they occur in disturbed habitats such as old ®elds and roadsides. It has recently colonized new areas further north in France. The characteristics of populations are shown in Table 1 . Populations 1 and 2 were sampled in southern France under a Mediterranean climate near Montpellier. Population 3 came from the Limagne plain (central France). In populations 1, 2 and 3, an average of 30 rosettes were harvested in the ®eld at the beginning of 1998 and 
Crossing design
In March/April 1998, an average of 30 plants per population were placed in a greenhouse to perform controlled pollination following the procedure described in Cheptou et al. (2000) . Three treatments were applied to each plant: (1) no active pollination (to test the possibility of spontaneous self-fertilization); (2) hand self-pollination; (3) pollination between plants of the same population. Each pollination was repeated on two heads. The success of pollinations was analysed from the ratio of the number of seeds to total number of¯orets in a head (seed/¯oret ratio). The four populations were pollinated in the same conditions, i.e. an insect-proof greenhouse. Moreover, four selfed progenies for 10 randomly chosen families (in the four populations) were analysed by enzyme electrophoresis (Soltis & Soltis, 1989) to check the absence of foreign alleles in selfed progenies. Four highly polymorphic loci were screened; Lap (E.C. 3.4.11.1) (4±6 alleles per population), Pgi-1 (E.C. 5.3.1.9) (4±5 alleles), Pgi-2 (5 alleles) and Pgm (E.C. 5.4.2.2) (2±4 alleles). Zymograms of the four loci were consistent with self-fertilization and no nonparental alleles were found.
Stress treatments
The relevant water stress parameter is not soil water content but soil water potential (Slatyer, 1967) . To obtain the relation between soil water content and soil water potential, without disturbing the soil, an indirect biological method was used, based on the assumption that the predawn potential of a plant should be in equilibrium with the soil water potential in the root zone (Slatyer, 1967) . In this way, pot weight and the predawn potential of a plant (Helianthus annuus) well known to have a good equilibrium with the soil water potential in the root zone at predawn were related (Cruiziat et al., 1980) . A preliminary experiment on Helianthus annuus was conducted to establish the relation between the predawn water potential and pot water content. One-litre pots with dried soil (50% sterile soil and 50% compost), with the weight measured to the nearest 0.1 g, were used. Ten pots, with three plants per pot, were grown in a greenhouse until sucient leaves were available for the measurement of predawn potential; this was measured in a greenhouse.
On nonirrigated pots, predawn water potential was measured twice a day for ®ve consecutive days at water contents ranging from ®eld capacity to wilting point. Each time, predawn water potential was measured in each pot from the mean of three leaves (one per plant) and related to the pot soil weight (corrected for plant weight). Measured potential (in MPa) was plotted against the ratio of soil weight/dry soil weight, and the function describing the data is of the form y ax ±b (R 2 0.90; P < 0.001). This curve was used to monitor drought stress in this experiment and to de®ne empirically three stress levels ( Fig. 1 ). The`low stress treatment' consisted of a pot weight maintained at between 1.28 and 1.37 times the dry pot weight. The`middle stress treatment' consisted of a pot weight maintained at between 1.15 and 1.19 times the dry pot weight. The`high stress treatment' consisted of a pot weight maintained at between 1.10 and 1.14 times the dry pot weight. It is important to note that the eect of a physiological stress maintained at a constant level throughout the experiment was tested. 
Experimental design
Selfed and outcrossed seeds from experimental crosses were germinated in the middle of December 1998 in a greenhouse. Seeds were germinated with 12 h arti®cial light (25°C) and 12 h darkness (12°C). Germination was not included in the analysis of inbreeding depression because of the very high germination success (>95%) and low variance in such conditions for both crosses. Families were picked randomly within populations, with the constraint that a sucient number of seeds per cross was needed. Six, seven, eight and 10 families were used for populations 1, 2, 3 and 4, respectively. Four ospring per cross and per stress (three levels) were used (total of 744 plants). At the beginning of the following February, seedlings were planted in one-litre pots with 820 g of soil (adjusted to the nearest gram). After 10 days in the greenhouse, pots were placed outdoors and randomized on tables. The plants were acclimatized for 10 days before the period of stress. During this period, seedlings that died were replaced. Nine selfed seedlings, but no outcrossed ones, died. Throughout the experiment, pots were automatically covered when the rain fell. Drought stress was applied at the beginning of March. Every day, 15 randomly chosen pots in each treatment were weighed to estimate their water content. When the lower threshold was reached, automatic watering was released. The between-pot weight variance was low and thus provided a good monitor of the stress. Furthermore, this technique allowed us to move pots randomly in order to minimize position eects on the tables.
Data were collected daily. Mortality before reproduction was checked from the beginning of the stress experiment. Two intermediate measurements of biomass were performed. The ®rst was one week after the beginning of the experiment (T1), and the second when the ®rst¯ower appeared (T2). The biomass was estimated from the product of the number of leaves times the mean rosette diameter (R 2 0.9; Imbert et al., 1996) . The date of ®rst¯owering was also measured. Relative growth rate (RGR) was calculated during the period of rosette growth using the formula RGR (LogB2 ) LogB1)/(T2 ) T1), where B1 (respectively B2) is the estimated biomass in T1 (respectively T2). T2 ) T1 is the period of growth considered and is about one month. At the end of the life cycle, the total number of heads was counted and the above-ground dry biomass was weighed (3 days at 50°C). Seed set weight, to the nearest 10 ±4 g, for three heads was measured.
Data analysis
Statistical analyses were performed using a linear model. The ratio of the number of seeds to the number of¯orets (seed/¯oret ratio) was analysed by an ANOVA ANOVA, after root arcsine transformation (Sokal & Rohlf, 1995;  pp. 421±22) to satisfy analysis of variance assumptions. Two main factors were considered: population and cross type, both assumed as ®xed factors.
The number of surviving plants before reproduction is a binomial process. Logistic regression (binomial error and logit link), which is appropriate for these data, was used using the backward suppression of nonsigni®cant eects method (Crawley, 1993) . Factors considered were population, cross and stress treatment.
Quantitative traits were analysed using a mixed-ANOVA ANOVA. Population, cross and stress treatment were considered as ®xed eects, and the family nested within population factor was considered as random. Mean squares were calculated with Type III sum of squares, and residual error was estimated using Satterwhaites' approximation (SAS, 1989) . In order to determine whether inbreeding depression varied with treatment or population, a logarithmic transformation was used to linearize the ratio de®ning inbreeding depression (d 1 ) w self /w out ). This transformation makes the ratio additive and allowed the interpretation of a signi®cant cross±treatment interaction, for instance as a variation of the ratio d with treatment. With non-logarithmtransformed data, the interaction indicated that the dierence between selfed and outcrossed (but not the ratio) varied with treatments (Johnston & Schoen, 1994) . This transformation was performed for the variables directly linked to ®tness, i.e. number of heads per plant, total dry biomass and seed set weight per head. Homoscedasticity was tested with Levene's test. Total ®tness was estimated as (survival)´(number of heads)´(mean seed set weight of one head) for each plant. However, for this variable, no transformation resulted in satisfactory homoscedasticity in the previous mixed ANOVA ANOVA, because of the high number of zeros caused by mortality or absence of¯owers. Thus, total inbreeding depression: d 1 ) w self /w out was calculated using families as replicates. w self and w out were calculated from the mean total ®tness of the four replicates per family and per cross. Total inbreeding depression was analysed in a two-way ANOVA ANOVA with population and stress treatment as the main factors. Comparisons of means were performed using the Tukey test (SAS, 1989) .
Results

Analysis of self-fertility: seed/¯oret ratio
Two main factors, population and cross type, had a highly signi®cant eect on seed/¯oret ratio, as did the cross±population interaction (Table 2 ). The signi®cant interaction indicates that pollination treatments did not respond in the same way in the four populations. For instance, the spontaneous pollination ratio was lower than the active self-pollination ratio for two populations, whereas the ratio was equivalent in population 2 and population 3 (Fig. 2) . Spontaneous pollination gave fewer seeds than active self pollination. Outcrossing pollination ratio was around 0.6±0.7 (data not shown).
Analysis of inbreeding depression estimates
The logistic model applied to survival before reproduction showed a signi®cant population´stress treatment interaction (log likelihood ratio test; hereafter LRT, v 2 14.82, d.f. 6, P < 0.05) since population 4 showed a greater eect of drought stress than the other three populations (Table 3) . Cross factor was signi®cant (LRT; v 2 6.5, d.f. 1, P < 0.05) because outbred plants had better mean survival than inbred plants. Stress treatment factor was also signi®cant (LRT; v 2 21.3, d.f. 2, P < 0.001), indicating a higher mortality with increasing drought. A signi®cant cross´stress treatment interaction also was present (LRT; v 2 6.1, P < 0.05). The signi®cance of the interaction was caused by the absence of any dierence in mortality between crosses in the high stress treatment (Table 3) .
The date of ®rst¯owering was in¯uenced by population origin (Table 4) . Populations 3 and 4, from the limit of the distribution range,¯owered on average one week later compared to the populations from the south. The eects of inbreeding and stress were also signi®cant (P < 0.01). Inbreeding delayed the date of ®rst¯owering as did the drought stress. The family (nested in population) factor was also signi®cant, indicating variability for this character in natural populations. The signi®cance of the family(pop)ć ross interaction indicates that inbreeding eects varied among families. The stress treatment showed a signi®cant eect on RGR (Table 4, Fig. 3 ). The cross´stress treatment interaction was also signi®cant indicating a reduced RGR for inbred plants at high stress. The eect of inbreeding was only signi®cant at the highest stress level Table 3 Number of surviving plants before reproduction (total number of plants) in the four populations of Crepis sancta for each stress level and ®tted survival rate for the three stress levels and both crosses (Tukey test, P < 0.01). The population factor was signi®cant and the population´cross interaction was nearly signi®cant (P 0.07) due to population 3 in which inbreeding had no eect, whereas RGR in other populations diminished with inbreeding. The family(pop)´cross interaction was also signi®cant. The number of heads was signi®cantly aected by stress and inbreeding. The cross´stress treatment interaction was also signi®cant, with a higher dierence between inbred and noninbred progeny at high stress (Fig. 4) . Family(pop) was signi®cant as well as the family(pop)´cross interaction. The ®nal above-ground dry biomass was signi®cantly aected by stress (P < 0.001) and by cross (P < 0.001). The signi®cant population eect (P < 0.01) re¯ected a lower biomass in the southern populations compared to populations at the limit of the range. Seed set weight per head was signi®cantly lower in inbred plants (P < 0.001). Stressed plants also had signi®cantly reduced seed set weight per head (P < 0.001). The population eect was also signi®cant (P < 0.05) and showed the same trend as ®nal biomass. Population´cross interaction was signi®cant (P < 0.05) because inbreeding depression for this character was dierent among populations (inbred and outbred did not dier signi®cantly for population 3).
As the family(pop)´cross interaction was signi®cant for many factors (the date of ®rst¯owering, RGR and the number of heads), we checked graphically if the (437) *P < 0.05, **P < 0.01, ***P < 0.001. 
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interaction concerned the same families for the three response variables, but no trend was observed.
Total inbreeding depression showed a signi®cant eect of the population factor (F 3,81 3.61, P < 0.05, Fig. 5 ) but neither stress treatment nor stress treatment population interactions were signi®cant. An important result is that d did not dier signi®cantly from zero for population 3 (Tukey test, P 0.96), indicating the absence of inbreeding depression in this population, whilst comparisons of means showed that population 3 diered signi®cantly from the other populations (Tukey test, P < 0.01).
Discussion
Effect of drought stress on inbreeding depression components Our experimental protocol based on the predawn water potential was eective and provided three dierent levels of stress conditions. Indeed, for all the measurements made during this experiment, the performances (except mortality) for three levels of stress diered signi®cantly from each other. Inbreeding depression was found in characters correlated with ®tness in these experiments. Survival of inbred plants was lower than survival for outbred plants. Though the eect of inbreeding was weak for this character, it was equivalent to that found in a ®eld study in the absence of competition (Cheptou et al., 2000) . The number of heads, ®nal biomass and seed weight were also clearly aected by inbreeding. Total inbreeding depression was signi®cantly dierent from zero (except for population 3) but relatively weak (d » 0.35), compared to what has been found in allogamous plants for these stages of the life cycle (Husband & Schemske, 1996) . However, only survival, the RGR and the number of heads showed a signi®cant cross´stress treatment interaction, indicating that the eects of inbreeding changed with the level of drought stress.
Nevertheless for survival, low and middle levels of stress resulted in a more pronounced, though very weak, inbreeding depression than the high level of stress (Table 3) i.e. contrary to the expectation. Norman et al. (1995) have found a similar result (lower inbreeding depression in stressful conditions) for Schiedea lydgatei. Conversely, inbreeding depression for the number of heads and RGR was more pronounced at the high stress level, which agrees with expectations. These results can be compared to those obtained by Hauser & Loeschke (1996) , who found a signi®cant and positive eect of drought stress on inbreeding depression for survival, but a nonsigni®cant eect for fecundity. The dierent responses in terms of mortality between their work and our results can be attributed to the experimental protocol. Hauser & Loeschke (1996) produced drought stress by varying the frequency of watering. Thus their experiment probably tested the consequences of the¯uctuations in water availability, rather than the eect of stress itself. When environmental conditions vary, development of outbred genotypes is less aected than inbred genotypes (Falconer, 1989) . In the present work, the three levels of drought did not vary during the experiment (see Fig. 1 ) and did not produce any excess mortality for inbred plants (compared to outbreds) at the high stress level, which may explain why our results dier from those of Hauser & Loeschke (1996) .
Previous studies on the eects of abiotic stress, such as drought (Hauser & Loeschke, 1996) , fertilizer level (Norman et al., 1995) or ®eld conditions without competition (Johnston, 1992) , did not produce a large eect on inbreeding depression. These results are therefore similar to that found in C. sancta. In contrast, many papers have shown a general trend for an increased inbreeding depression with the intensity of competition (Dudash, 1990; Schmitt & Ehrhardt, 1990; Wolfe, 1993) . In a previous study with Crepis sancta, we showed also that interspeci®c competition in ®eld conditions greatly increased inbreeding depression (Cheptou et al., 2000) . The contrasting results between the two types of experiments may be explained by the mechanisms of competition. For instance, relative growth rate determines biomass and seed set, especially for annual and colonizing plants (Grime, 1979) . A plant with a low RGR (as inbreds in our experiment) will grow slowly, but the eects on ®tness will probably be weak in noncompetitive conditions. However, when these plants grow in competition with plants with a higher growth rate, such as outbred plants, then the relative ®tness of the inbreds will greatly decrease because outbreds will use resources faster. Consequently, we would expect that a low RGR in inbred plants greatly decreases the relative ®tness when they are in competition. Clearly, new experiments are needed to document this problem.
Among-population variation in inbreeding depression
Populations 1, 2 and 4 showed very similar trends for inbreeding depression estimates. Total inbreeding depression for the three populations diered signi®-cantly from zero. Conversely, population 3 showed no detectable inbreeding depression. As mentioned in the introduction, we expected that inbreeding depression would be lower in populations with higher self-compatibility, under the partial dominance hypothesis.
Population 3 had higher seed/¯oret ratios in sel®ng. In particular, the ratio in spontaneous self-pollination was signi®cantly higher than the ratios in population 1 and 4, and almost signi®cantly higher (P 0.07) than the ratio of population 2. The absence of inbreeding depression in population 3 suggests that, in accordance with the partial dominance hypothesis, deleterious mutations have been purged because of higher historical inbreeding in this population. This pattern has been observed in dierent populations with various sel®ng rates, but the variation in inbreeding depression was lower in spite of a higher sel®ng rate variation (Holtsford & Ellstrand, 1990) . Nevertheless, evidence for a purging process with increasing sel®ng rate does not hold true in every case (Byers & Waller, 1999) . Willis (1999) showed that lethal or highly deleterious mutations are easy to purge, but mildly deleterious mutations are not, even if sel®ng rate is high. In Crepis sancta, between-population variations in self-fertility are low and re¯ect a low inbreeding variation among populations. It is likely that population 3 had been purged of highly deleterious mutations and this could explain the dierences from the other populations. Population 4 exhibited a relatively high seed/¯oret ratio in hand self-pollination but a small ratio in spontaneous pollination. Yet its inbreeding depression was similar to the inbreeding depression in Mediterranean populations. However, spontaneous self-pollination was infrequent and this parameter is therefore more relevant to infer the sel®ng rate in natural populations. Indeed, sel®ng probably occurs in the absence of active pollination (spontaneous pollination) and geitonogamy is probably low in these populations, because there is no lack of partners for cross-pollination.
Implications for mating systems in natural populations
The absence of inbreeding depression in population 3 and a weak inbreeding depression for the three others are very unlikely for an allogamous species and inconsistent with the maintenance of a partial selfincompatibility system. A necessary condition for the maintenance of a self-incompatibility system is a strong inbreeding depression, i.e. d > 0.5 (Charlesworth, 1988) , which was not found in the present experiment. This suggests that inbreeding depression was probably underestimated here. Indeed, a new experiment with population 3 (using the same families and the same crosses), showed that signi®cant inbreeding depression can be detected (d » 0.5 compared to d 0 in the present study) when competition occurs between inbred and outbred plants (Cheptou, unpubl. data) . This result agrees with the mechanism of a faster development of outbred plants proposed above. Thus, by neglecting competitive interaction we probably underestimated the eect of inbreeding in natural populations.
